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ABSTRACT

INTRODUCTION

A blueschist facies tectonic sliver, 9 km long and 1 km wide, crops out within the Miocene clastic rocks
bounded by the strands of the North Anatolian Fault zone in southern Thrace, NW Turkey. Two types
of blueschist facies rock assemblages occur in the sliver: (i) A serpentinite body with numerous dykes of
incipient blueschist facies metadiabase (ii) a well-foliated and thoroughly recrystallized rock assemblage
consisting of blueschist, marble and metachert. Both are partially enveloped by an Upper Eocene
wildflysch, which includes olistoliths of serpentinite—-metadiabase, Upper Cretaceous and Palacogene
pelagic limestone, Upper Eocene reefal limestone, radiolarian chert, quartzite and minor greenschist.
Field relations in combination with the bore core data suggest that the tectonic sliver forms a positive
flower structure within the Miocene clastic rocks in a transpressional strike—slip setting, and represents
an uplifted part of the pre-Eocene basement. The blueschists are represented by lawsonite—glaucophane-
bearing assemblages equilibrated at 270-310 °C and ~0.8 GPa. The metadiabase dykes in the
serpentinite, on the other hand, are represented by pumpellyite—glaucophane—lawsonite-assemblages
that most probably equilibrated below 290 °C and at 0.75 GPa. One metadiabase olistolith in the Upper
Eocene flysch sequence contains the mineral assemblage epidote + pumpellyite + glaucophane,
recording P-T conditions of 290-350 °C and 0.65-0.78 GPa, indicative of slightly lower depths and
different thermal setting. Timing of the blueschist facies metamorphism is constrained to ¢. 86 Ma
(Coniacian/Santonian) by Rb-Sr phengite-whole rock and incremental “*’Ar—°Ar phengite dating on
blueschists. The activity of the strike—slip fault post-dates the blueschist facies metamorphism and
exhumation, and is only responsible for the present outcrop pattern and post-Miocene exhumation
(~2 km). The high-P/T metamorphic rocks of southern Thrace and the Biga Peninsula are located to
the southeast of the Circum Rhodope Belt and indicate Late Cretaceous subduction and accretion under
the northern continent, i.e. the Rhodope Massif, enveloped by the Circum Rhodope Belt. The Late
Cretaceous is therefore a time of continued accretionary growth of this continental domain.

Key words: accretionary complex; blueschist facies metamorphism; olistolith; Rb-Sr and *’Ar-*Ar
dating; Rhodopes; Thrace; Turkey.

2006). Later tectonic and sedimentary events can
modify the outcrop patterns and transfer the high-P/T
rocks as olistoliths into a new sedimentation milieu.

Blueschist facies rocks, low-temperature eclogites and
accretionary complexes are principal markers of for-
mer subduction zones and are formed during oceanic
subduction preceding the terminal continental collision
(e.g. Maruyama et al., 1996). Exhumation and outcrop
patterns of these rocks are fundamentally determined
by tectonic events: They occur in fault-bounded elon-
gate units, which may represent (i) a coherent sequence
formed at nearly the same depth in a subduction
channel (e.g. Goodge, 1995; Okay et al., 1998); (ii) a
mélange with matrix and blocks of similar metamor-
phic ages, but reflecting a diverse range of P-T con-
ditions (e.g. Goodge & Renne, 1993; Goodge, 1995;
Spaggiari et al., 2002; Davis & Whitney, 2006, 2008) or
(iii) a metamorphic sequence with older high-grade
exotic tectonic blocks (e.g. Moore, 1984; Wakaba-
yashi, 1990; Anczkiewicz et al., 2004; Tsujimori et al.,
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Therefore, a combination of petrological and
geochronological data together with field geological
constraints is crucial to trace the evolution of rock
types formed in subduction zones.

In southern Thrace, a blueschist facies tectonic sli-
ver, 9 km long and 1 km wide, crops out bounded by
subsidiary strands of the North Anatolian Fault
(Figs 1 & 2). In the vicinity (~100 km), there is no
other known exposure of comparable blueschist facies
lithologies. This paper deals with the field relations,
petrology and age of these blueschist facies lithologies
and discusses these data in terms of their origin and
emplacement. The results suggest that the blueschist
facies rocks were derived from an oceanic accretionary
complex of Late Cretaceous age, and represent an
uplifted sliver of the pre-Eocene basement of southern
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Fig. 1. Main tectonic units of the northern Aegean, the Balkanides and NW Turkey (modified from Okay & Satir, 2000a). Asterisks
mark the location of eclogite occurrences, the numbers in Ma designate their ages. LTU, lower tectonic unit; UTU, upper tectonic unit
of Rhodope Massif; NAF, North Anatolian Fault; IPS, intra-Pontide suture; IAS, Izmir—Ankara suture. Thick lines with solid
triangles indicate sutures with subduction polarities, that with open triangles major thrusts.

Thrace. Together with the wide exposures of Late
Cretaceous high-pressure metamorphic micaschists
and eclogites as well as non-metamorphic accretionary
complexes in the NW Biga peninsula, these rocks
indicate substantial accretionary crustal growth during
late Cretaceous time.

GEOLOGICAL SETTING AND FIELD RELATIONS

Thrace, the European part of Turkey, is the site of a
Tertiary clastic basin with a > 6-km-thick Middle
Eocene to Upper Oligocene sequence of sandstone,
siltstone and shale (Fig. 1). This Eocene-Oligocene
series is unconformably overlain by a Miocene
sequence of fluviatile to lagoonal rocks (e.g. Kopp
et al., 1969; Turgut et al., 1991; Goriir & Okay, 1996).
In the northeast and southwest, the basement of this
Tertiary basin is represented by metamorphic rocks of
the Strandja and Rhodope Massifs respectively. The
Strandja Massif has a Variscan crystalline basement,
intruded by early Permian granites and unconformably
overlain by Triassic to Jurassic epicontinental sedi-
mentary rocks (Okay et al., 2001; Sunal et al., 2006). It
underwent a second phase of north-vergent deforma-
tion and metamorphism during the latest Jurassic, and
the metamorphic rocks are unconformably overlain by
Cenomanian sandstones and limestones.

The Rhodope Massif, on the other hand, comprises
a nappe stack, differentiated essentially into two tec-
tonic units (e.g. Burg ez al., 1996; Ricou et al., 1998;
van Hinsbergen et al., 2005): (i) a lower tectonic unit
consisting of orthogneiss, pelitic gneiss and schist with
local intercalations of eclogitic amphibolite and (ii) an
upper tectonic unit comprising interlayered amphibo-
lites, marbles, metapelitic schists and various gneisses
enclosing eclogite and metaperidotite lenses. The upper
tectonic unit underwent high-7" eclogite to ultrahigh-
pressure metamorphism, followed by an amphibolite
to granulite facies overprint, whereas the lower tec-
tonic unit underwent low-7" eclogite facies metamor-
phism that was overprinted by lower amphibolite to
upper greenschist facies metamorphism (e.g. Liati &
Mposkos, 1990; Liati & Seidel, 1996; Liati & Gebauer,
1999; Mposkos & Kostopoulos, 2001; Liati et al.,
2002; Liati, 2005). The timings of metamorphic and
deformational events are poorly known, with isotopic
ages ranging from Late Jurassic to Eocene (Liati, 2005;
Bonev et al., 2006, Mposkos & Krohe, 2006; Bauer
et al., 2007). Rock units combined under the term
Circum-Rhodope Belt form an allochthonous ‘enve-
lope’ along the southeastern border of the Rhodope
Massif and comprise Triassic to Early Cretaceous
neritic to pelagic sediments (Kauffmann ez al., 1976),
associated with greenschist facies (Magganas et al.,
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1991; Magganas, 2002; Bonev & Stampfli, 2003, 2008)
and low-grade high-P/low-T metamorphic rocks
(Michard et al., 1994).

The metamorphic rocks of the Rhodope Massif and
the overlying Tertiary sedimentary sequences are
locally crosscut by late Eocene to late Oligocene cal-
calkaline and late Miocene alkaline volcanic rocks that
occur throughout Thrace (e.g. Ercan, 1992; Aldanmaz
et al., 2006). Upper Cretaceous volcano-sedimentary
rocks and granodioritic plutons are confined to the
Strandja Massif and the areas farther north (Fig. 1).

The seismically active Ganos right-lateral strike—slip
fault, which forms the western extension of the North
Anatolian Fault in Thrace, cuts and deforms the sedi-
ments of the Thrace basin. An elongate ridge of
blueschist facies rocks, ~9 km long and 1 km wide,
and unconformably overlain by Upper Eocene shallow
marine limestones, crops out in the Ganos fault zone
northwest of Sarkdy. This Sarikaya blueschist facies
sliver forms a positive flower structure and is thrust
bilaterally over Miocene sandstones (Figs 2 & 3; Okay
et al., 1999). In the east, the sliver is in tectonic contact
with an olistostromal Upper Eocene turbidite
sequence. The Upper Eocene series form a sandstone—
shale sequence with horizons of debris flows and
olistostromes. The olistoliths are Upper Eocene neritic
limestone, Upper Cretaceous and Palacogene pelagic
limestone, serpentinite + metadiabase, radiolarian

chert, quartzite and rare greenschist (Okay & Tansel,
1992; this study). They range up to several hundreds of
metres in size; some of the blocks are composite,
consisting of basalt or pelagic limestone unconform-
ably overlain by shallow marine Upper Eocene lime-
stone.

The Sarikaya blueschist facies sliver could represent
either a very large olistolith in the Upper Eocene
sequence or an uplifted segment of the basement. The
Ortakoy-1 petroleum exploration well south of the
Sarikaya ridge has cut through the Miocene series,
the olistostromal Eocene sequence and the Upper
Eocene limestones, and reached a basement of ser-
pentinite at a depth of 1731 m (Figs 2 & 4). The results
from this well suggest that the Sarikaya blueschist
facies sliver probably represents an uplifted segment of
the basement.

The Sarikaya blueschist facies sliver comprises a
large serpentinite body and a well-foliated block of
blueschist, marble and metachert (Figs 2 & 3). The
serpentinite body, 9 km by 1 km, predominantly con-
sists of dark green serpentinite (~90 % of the outcrop
area) including abundant greenish grey, up to 20-m
thick, metadiabase bodies (~10%), and local pink to
yellowish metarodingite veins, up to 1-m thick. Ser-
pentinite is highly fractured and sheared or massive.
Both the metadiabase and metarodingite bodies are
free of penetrative foliation, and have sharp, generally

Fig. 2. Geological map of the Sarkoy area.
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sheared contacts with the host serpentinite. Chilled
margins in some metadiabase bodies indicate that they
represent dykes rather than tectonic blocks. However,
because of the subsequent deformation, the metadia-
base dykes cannot be traced along strike for more than
100 m. The metadiabases are fine- to medium-grained,
massive and very hard. Because of their hardness and
homogenous texture, they were used as stone tools in
pre-historic times (Ozbek & Erol, 2001).

The well-foliated block of blueschist, marble and
metachert, 2 km by 0.7 km, occurs in the vicinity of
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the Helvatepe (Figs 2 & 3), and is in tectonic contact
with serpentinite and Upper Eocene flysch (sandstone
and shale). Within the block, blueschist represents the
dominant rock type, while metachert and marble are
subordinate. In contrast to the serpentinite body, no
metadiabase dykes are present within the Helvatepe
block. In the NE part of the study area, the blueschist
facies sliver is in contact with a small andesitic intru-
sion and with the Upper Eocene sandstones and shales
that contain several olistoliths of serpentinite and
metadiabase (samples 243 & 1130; Figs 2 & 4).

PETROGRAPHY

Metadiabase rocks within serpentinite contain incipi-
ent blueschist facies mineral assemblages, and display a
homogeneous intergranular texture. Primary mag-
matic textures are more or less preserved along with
magmatic clinopyroxene, hornblende and ilmenite.
Within some igneous clinopyroxenes, a core and an
overgrowth domain can be differentiated (Fig. 5a).
The boundary between the core and overgrowth is
sharp. Magmatic hornblende usually overgrows clino-
pyroxene or replaces it along its fractures, indicating
late-stage magmatic hydrothermal reactions (Fig. 5-
a,b). Metamorphic minerals occur in randomly
oriented patches, implying that the metamorphism was
not associated with penetrative deformation (Fig. Sb—
f). The incomplete replacement of the magmatic clino-
pyroxene and hornblende, patchy nature of the
metamorphic minerals and obvious dependence of the
metamorphic minerals on the precursor ones suggest
that the equilibrium is at best reached at very local
scales, e.g. at the scales of the grain size.

Relict igneous clinopyroxene and hornblende are
irregularly replaced by actinolite + glaucophane +
phengite + titanite + chlorite (Fig. 5a,b), whereas
plagioclase is transformed to fine-grained aggregates
of pumpellyite + lawsonite + phengite + albite or
epidote =+ sodic pyroxene and + quartz (Fig. 5c,d).
Actinolite and glaucophane show no obvious
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Serpentinite and metadiabase

Ganos N
\ Fault\ =500

Fig. 4. North-south geological cross-section of the Sarkdy area. For the location of the section, see Fig. 2.
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replacement relationship, suggesting that they are
mutually stable. Coexisting sodic and calcic amphi-
boles have frequently been described from blueschist
facies rocks (e.g. Himmelberg & Papike, 1969; Ernst,
1979; Liou & Maruyama, 1987; Krogh et al., 1994).
This coexistence can be explained by a miscibility gap
between sodic and calcic amphiboles, closing at tem-
peratures ~600 °C (e.g. Reynard & Ballevre, 1988).
Sodic pyroxene forms fine to patchy or spongy grains
intergrown with albite and phengite (Fig. 5d,f). Tita-
nite contains patchy, partially resorbed inclusions of
ilmenite + rutile.

Two varieties of metadiabase are distinguished on
the basis of the Ca—Al mineral association and the
occurrence of minor garnet and biotite (Table 1): (type
I) pumpellyite + lawsonite, and (type II) pumpelly-
ite + epidote + garnet + biotite (Fig. 5c,d). Type-I
metadiabase bodies (samples 252 & 1275) occur in the
Sarikaya serpentinite body, and type-II metadiabase
(243, 1130A) occurs as olistolith within the Eocene
sandstones and shales (Fig. 4). Biotite forms up to
~15-pum-thick seams adjacent to phengite and pump-
ellyite (Fig. 5d). Garnet is found as small euhedral
grains (~50 um) in contact with pumpellyite, phengite
and albite (Fig. Se).

Blueschists are generally fine-grained and are
more thoroughly recrystallized than the metadiabases.
The main metamorphic assemblage is glaucophane—
magnesioriebeckite +lawsonite + actinolite + sodic
pyroxene + quartz + phengite + titanite+albite =+
chlorite (Table 1). These mineral assemblages are
indicative of the lawsonite—blueschist subfacies (Evans,
1990). Primary igneous textures are locally recognizable
in the form of relict clinopyroxenes and pseudomorphs
consisting of lawsonite + quartz £ albite + chlorite
after former plagioclase phenocrysts (Fig. 6a—c). Relict
igneous clinopyroxene is irregularly replaced or over-
grown by sodic pyroxene together with sodic amphibole,
lawsonite and titanite along cracks (Fig. 6a,b), similar
to the pseudomorphs described by Okay (1982) and
Maruyama & Liou (1985). Sodic pyroxene is locally
replaced by a second generation of jadeite-poor sodic
pyroxene and albite. Lawsonite and sodic amphibole
form up to 300-um-long idioblastic grains with local
minute inclusions of quartz (Fig. 6d—e). Epidote occurs
sporadically in some samples overgrowing glauco-
phane—magnesioriebeckite (Fig. 6e).

Carbonate-rich blueschists are composed of cal-
cite + phengite + glaucophane—magnesioriebeckite -+
lawsonite + actinolite + chlorite + albite £ sodic
pyroxene + titanite + quartz (Table 1). They differ
from the blueschists sensu stricto by the high amounts
of calcite and phengite, and are probably derived from
volcanoclastic material. No relict minerals and textures
are preserved. Sodic pyroxene occurs as discrete grains,
associated with quartz and albite in apparent equilib-
rium (Fig. 6g,h). Some grains have jadeite-poor
outer zones. Hematite flakes are aligned parallel to
the foliation. Calcite locally forms rod-shaped crystals
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indicative of the derivation from aragonite (e.g. Brady
et al., 2004; Topuz et al., 2006).

Metacherts are thinly layered and consist of
quartz +phengite +lawsonite + albite &= piemontite +
chlorite + titanite + hematite. Marbles are white to
pink and, apart from calcite, contain quartz, albite,
phengite and Fe-hydroxides.

Serpenitinites are made of serpentine + magne-
tite + chlorite + minor clinopyroxene, and are free of
any relict igneous phases. The XRD studies on three
serpentinite samples showed that antigorite is the only
serpentine mineral.

Metarodingites are fine-grained and massive, and
consist of garnet + clinopyroxene =+ chlorite + apa-
tite £ serpentine + opaques.

MINERAL COMPOSITIONS

Mineral analyses were carried out on 20 samples with a
CAMECA-SXS51 electron microprobe equipped with
five wavelength-dispersive spectrometers at the Mine-
ralogical Institute of the University of Heidelberg.
Well-characterized natural and synthetic oxide and
silicate minerals were used for calibration before each
measurement session. Standard operating conditions
were 15 kV accelerating voltage, 20 nA beam current
and 10 s counting time for all elements. However,
counting times during titanite analyses were 20 s for
Mg, Ca and Al and 30 s for Ti. A beam size of ~1 um
was normally used in all analyses. Larger grains of
albite were analysed with a beam size of ~10 um to
minimize alkali loss due to volatilization, whereas finer
grains were analysed with a small beam size. Raw data
were corrected for matrix effects with the help of the
PAP algorithm (Pouchou & Pichoir, 1984, 1985),
implemented by CAMECA.

Sodic pyroxene (Na—Px) in the metadiabase samples
is characterized by highly variable jadeite (Jd;;_75) and
generally low aegirine contents (Aeyy_og) (Tables 1 & 2;
Fig. 7a). In the blueschists, jadeite contents are generally
lower (Jdy7_67) and aegirine contents are highly variable
(Fig. 7b). Sodic pyroxene from the metadiabases mostly
plots within the miscibility gaps along the augite—jadeite
join (e.g. Carpenter, 1980; Tsujimori, 1997; Matsumoto
& Hirajima, 2005; Tsujimori et al., 2005; Green et al.,
2007). This may be the result of fine submicroscopic
intergrowth of jadeite- and augite-rich Na-pyroxene.

Relict magmatic clinopyroxene is found in all meta-
diabase and in three blueschist samples (Table 1). Those
in the blueschists are richer in Ti and Al than those in the
metadiabase samples (Fig. 7c). The Mg/(Mg + Fe?™)
values of the relict magmatic clinopyroxenes range from
0.42 to 0.91 in the metadiabases and 0.50 to 0.84 in the
blueschists. The intrasample variation of the
Mg/(Mg + Fe?") values may be as high as 0.30.
The lowest Mg/(Mg + Fe?") values are shown by the
clinopyroxene overgrowths (Fig. 5a). In addition, the
metadiabase samples contain igneous magnesio-
hornblende with relatively high Ti and Al contents.
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Fig. 5. Photomicrographs of metadiabase samples: (a) relict igneous clinopyroxene (CpxI) is overgrown by late-stage igneous
clinopyroxene (CpxII) and hornblende (Hbl). Both Cpx and Hbl are irregularly replaced by actinolite (Act), chlorite (Chl) and albite
(Ab); sample 1130A. (b) Relict igneous Cpx and Hbl, partially replaced by glaucophane (Gln), Act, Chl and titanite (Ttn); sample
1130A. (c) Patchy intergrowth of epidote (Ep), pumpellyite (Pmp), phengite (Phe) and albite (Ab) in a former plagioclase; sample 243.
(d) Intergrowth of Pmp, Phe, Ab, sodic pyroxene (Na—Px) and tiny grains of biotite (Bt); sample 243. (e) Idioblastic garnet (Grt)
within intergrowth of Pmp, Phe and Ab; sample 243. () Intergrowth of lawsonite (Lws), Na-Px, Phe, Act and Gln; sample 252.

Glaucophane—magnesioriebeckite ~ has  variable
compositions (Table 3, Fig. 8), although in all samples
the zonation of individual grains is similar: Cores are
richer in Xpes. [=Fe*T/(Fe*™ + AIYY); Fe'is cal-
culated as 2-AlY"] than rims. In the blueschists, there is
a wide range of Xpge3+ from 0.0 to ~0.9, while in the
metadiabase samples, Xge3+ of glaucophane is mostly
<0.30. For most of the samples, Mg# [=Mg/(Mg +

Fe>™)] correlates weakly with Xpe;.. Furthermore,
there is a positive correlation of Xc, = Ca/(Na +
Ca) with Xge;4+ for each sample. In the metadiabases,
the regression lines go through the origin, while in the
blueschists, the Xge3+ intercepts may be very different
from sample to sample.

Actinolite is only present in the four metadia-
bases and in three blueschists (Table 1). Larger

© 2008 Blackwell Publishing Ltd
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Table 1. Modal abundances of minerals and jadeite contents in Na-pyroxene in blueschist facies rocks from Sarkoy area, Thrace, NW

Turkey.
Sample Cpx* Hbl* Na-Px Jd (%) Ab Gln® Lws Phe Act Pmp Ep Chl Qtz Ttn Grt Bt Ap Cal Hem Pie Di
Carbonate-poor blueschists
356A 10 - 13 07-38 4 31 28 4 - - 4 S 1 - -
356B - - - - 6 42 35 3 - - - 4 3 3 - - 1 - - - -
356C 6 40 30 7 11 7 1
356D 13 - 15 17-67 6 25 25 2 - - - 6 3 5 - - 1 - - - -
359 - - 15 08-23 11 15 30 4 - - 3 8 11 2 - - 1 - - - -
363 - - - - 6 25 35 7 4 - - 6 5 7 - - 1 - - - -
364 7 - 15 25-40 sec 16 25 3 11 - - 14 3 3 - - 1 - - - -
1132A - - - - 8 25 30 10 - 3 7 10 10 - - 1 3 - - -
1133A - - - - 6 20 25 20 - - 3 12 10 20 - - 1 - - - -
Carbonate-rich blueschists
362 - - 18-43 7 18 10 28 - - 4 4 7 4 - - 1 28 2 - -
1132B - - 17 10-48 7 14 8 12 - - 6 3 7 2 - - 1 24 3 - -
1133B - - - - 18 9 23 10 3 - - 6 18 2 - - 1 16 - - -
1287 - - 25 27-69 11 7 15 13 - - 2 2 11 2 - - 1 18 - - -
Metadiabases type I
252 20 S 61-75 6 8 15 2 18 13 - - 4 2 - - 1 - - - -
1275 25 10 - - 4 9 19 3 23 4 - 1 1 - 1 - - -
Metadiabases type I1
243 17 14 5 31-46 5 5 - 2 16 19 5 - 4 2 4 1 1 - - - -
1130A 10 16 - - 12 5 - 2 15 20 6 5 1 3 3 1 1 - - - -
Quartzite (Metachert)
1131 10 30 5 43 7 5
Metarodingite
1272B - - - - - - - - - - - 20 10 - 50 - - - - - 20

Pie, piemontite.
“Relict magmatic phase of protolith.
Gln stands for all members of the glaucophane-magnesioriebeckite series.

individual grains show a rimward decrease in Si and
in Nag.

Pumpellyite in the metadiabase samples is relatively
rich in Al compositionally similar to the newly
approved mineral species pumpellyite-(Al) (Hatert
et al.,2007; Table 4; Fig. 9a). Comparable pumpellyite
compositions were also described from the pumpell-
yite—actinolite subfacies and from blueschist facies
rocks (Maruyama & Liou, 1988; El-Shazly, 1994,
Topuz & Altherr, 2004).

Lawsonite in the blueschist samples shows a wide
range of Fe,Os3 contents (0.21-3.31 wt%; Table 4),
while those from the metadiabase samples are rela-
tively low in Fe,O3 (0.08-0.54 wt%). Overall, there is a
correlation between Fe,Os in lawsonite and Xge3+ in
glaucophane-magnesioriebeckite. Clinozoisite/epidote
in metadiabase II has Xpe34 [=Fe’ T /(Al + Fe’ ™))
values of 0.01-0.02 (sample 243) and of 0.23-0.25
(1130A). In the blueschists, epidote is more Fe-rich
(0.30-0.35) and some grains have elevated REE
contents (up to 8 wt%).

Phengite in both blueschists and metadiabase sam-
ples is characterized by Si contents of 3.40-3.70 cations
per formula unit (cpfu) (Table 5). Chlorite displays a
narrow range of Mg/(Mg + Fe?") ratios of 0.42-0.52
in the metadiabases, and of 0.48-0.72 in the blueschists
(Table 5). Biotite in the metadiabase Il samples is
characterized by Mg/(Mg + Fe*") values of 0.43—
0.54 and extremely low Ti contents (<0.017 cpfu),
suggesting a metamorphic origin (Table 5).

Titanite displays variable Fe,Oz and Al,O5 contents
of 0.37-2.40 and 0.23-3.04 wt% respectively, in the

© 2008 Blackwell Publishing Ltd

blueschists, and of 0.32-1.67 and 0.84-2.51 wt%
respectively, in the metadiabases. The higher the Xpes +
values of glaucophane-magnesioriebeckite, the higher
the Fe,O; content of titanite (not shown). Hematite
from the blueschists has variable TiO, contents (2.26—
2.35 wt%), similar to those described from lawsonite-
bearing blueschists from the Tavsanli zone, NW
Turkey (Okay, 1980).

Garnet is present in metadiabase-II samples
(Table 1). Itis characterized by the compositional range
Almsy 5:Pypoo-02Spsoo-15G1s33 66 (Fig. 9b) and has
small amounts of TiO, (£0.57 wt%; Table 6). Within
some garnet grains, a core (Almsy 40PyPoo_o01SPsoo_o1
Grssg_g6) 1s visible, separated from an overgrowth
(Almy7_52Pypo1-02Spsos-15GTs33 44) by a sharp bound-
ary. In these samples, garnet is in coexistence with
pumpellyite, an assemblage that is also described by
Okay (1982) and Zhang et al. (2001). However, garnet
in the latter occurrences is a member of the andradite—
grossularite series.

METAMORPHIC CONDITIONS

Quantification of P-T conditions of very low-grade
metamorphism is difficult, primarily due to a lack of
reliable thermodynamic data and mixing models for
equilibria involving minerals such as glaucophane,
pumpellyite and chlorite as well as slow reaction kinetics
(e.g. Liou et al., 1985, 1987; Evans, 1990; Frey et al.,
1991; Schiffman & Day, 1999). Therefore, P—T estimates
on such rocks are only an approximation. Here, the
conditions are constrained by comparing the mineral
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LATE CRETACEOUS BLUESCHIST FACIES METAMORPHISM IN SOUTHERN THRACE 903

Table 2. Selected analyses of sodic pyroxene in blueschist facies rocks from Sarkdy area, Thrace, NW Turkey.

Sample 356A 356A 356D 356D 359 364 364 362 362 1132B 1132B 1287 1287 252 252 243
Analyses 76 81 22 92 69 37 119 69 60 49 51 4 39 31 32 12
SiO, 53.78 54.53 54.38 57.30 53.65 53.70 55.89 53.69 55.02 53.36 55.46 54.33 57.60 56.36 57.26 55.42
TiO, 0.04 0.41 0.11 - 0.41 0.25 0.12 0.27 0.64 - 0.37 0.06 0.01 0.01 - 0.05
AlLO4 1.64 8.77 3.85 16.06 5.30 5.66 9.44 4.08 9.88 2.18 11.12 6.12 16.29 14.51 16.96 10.83
Cr,05 - - 0.01 - 0.12 0.06 0.14 0.31 0.01 0.03 0.02 - - - 0.05 0.04
Fe,05 8.75 17.48 5.19 7.29 20.52 4.94 3.58 21.91 16.41 19.04 14.03 22.45 11.32 1.39

FeO 5.18 3.57 7.78 3.65 0.42 4.51 5.53 2.03 1.89 3.69 3.67 0.32 0.18 5.12 5.68 7.73
MnO 0.43 - 0.64 0.04 0.14 0.35 0.21 0.06 - 0.01 0.03 - 0.01 0.24 0.27 0.13
MgO 9.15 0.50 8.52 0.72 3.69 9.69 6.94 2.36 1.13 4.57 0.71 1.70 0.40 3.53 245 5.50
CaO 17.02 0.77 15.43 1.62 5.98 14.68 10.23 3.72 1.98 7.75 2.03 2.70 0.68 9.44 7.10 13.17
Na,O 4.45 12.93 4.68 13.24 10.72 5.04 7.69 11.51 12.93 9.07 12.73 12.51 14.46 9.37 10.49 6.74
K,0 - 0.06 0.01 0.02 - 0.04 0.03 - - - 0.01 0.07 0.01 0.07 0.06 -
Total 100.42 98.99 100.61 99.95 100.95 98.89 99.79 99.94 99.89 99.67 100.18 100.25 100.97 100.05 100.31 99.61
Cations on the basis of 6 oxygen ions and 4 cations

Si 2.00 2.02 2.01 2.02 1.97 1.98 2.01 2.01 2.00 2.01 2.01 2.00 2.01 2.00 2.01 2.01
Ti 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Al 0.07 0.38 0.17 0.67 0.23 0.25 0.40 0.18 0.42 0.10 0.47 0.27 0.67 0.61 0.70 0.46
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe’ " 0.25 0.49 0.14 0.19 0.57 0.14 0.10 0.62 0.45 0.54 0.38 0.62 0.30 0.04 0.00 0.00
Fe* ™ 0.16 0.11 0.24 0.11 0.01 0.14 0.17 0.06 0.06 0.12 0.11 0.01 0.01 0.15 0.17 0.23
Mn 0.01 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
Mg 0.51 0.03 0.47 0.04 0.20 0.53 0.37 0.13 0.06 0.26 0.04 0.09 0.02 0.19 0.13 0.30
Ca 0.68 0.03 0.61 0.06 0.24 0.58 0.40 0.15 0.08 0.31 0.08 0.11 0.03 0.36 0.27 0.51
Na 0.32 0.93 0.34 0.91 0.76 0.36 0.54 0.83 0.91 0.66 0.89 0.89 0.98 0.65 0.71 0.47
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

assemblages with those in the system NCMASH,
whereby the petrogenetic grids calculated by Schiffman
& Day (1999) and Bucher & Frey (2002) are used.

Helvatepe blueschists

In all blueschist samples, glaucophane coexists with
lawsonite. The stability field of this sub-paragenesis is
on the high-P/low-T side of the reactions (Fig. 10):

Gln+Lws =Pmp+ Chl+ Ab+Qtz+V (1)
and
Gln + Lws = Ep/Czo + Chl+ Ab+ Qtz+ V. (2)

In the NCMASH system, these two reactions restrict
the P-T conditions of metamorphism to pressures of
>0.67 GPa at 200 °C and 20.78 GPa at 300 °C
(Fig. 10). With the introduction of Fe?"and Fe’*,
however, reactions (1) and (2) will be displaced to
lower pressures, thereby enlarging the P-T field for
glaucophane-lawsonite-bearing assemblages (Liou
et al., 1985, 1987; Maruyama et al., 1986).

Bucher & Frey (2002) suggest the reaction

Gln + Lws = Tr + Ab + Chl, (3)

which is located at ~0.4 GPa/200 °C and terminates
at ~0.85 GPa/300 °C (fig. 9.9 in Bucher & Frey,
2002). In one of the investigated samples (363), the
paragenesis glaucophane + lawsonite + actinolite +
albite + chlorite was observed, indicating that
metamorphic conditions were near to those of
reaction (3).

Since albite + chlorite + quartz forms a common
sub-paragenesis in most of the investigated blueschists
(Table 1) and paragonite is absent, the reaction

Ab + Chl + Qtz = Gln 4+ Pg + V (4)

was not crossed to the high-pressure side, thus
restricting metamorphic conditions to <0.7 GPa at
200 °C and 0.85 GPa at 300 °C (Bucher & Frey, 2002;
not shown in Fig. 10).

Likewise, the rocks contain Lws + Ab, and there-
fore the reaction

Lws + Ab=Pg+ Czo+Qtz+ V (5)

was not crossed. This reaction is fairly steep in the P—T
field, i.e. at 0.3 GPa/250 °C and 0.8 GPa/320 °C
(Fig. 10).

Seven blueschist samples contain sodic pyroxene,
and in six of these samples, it occurs with albite and

Fig. 6. Photomicrographs of blueschist samples: (a) relict Cpx is replaced by Na—Px (locally together with Phe and Gln) along cracks;
sample 356D. (b) Igneous Cpx is replaced by glaucophane—magnesioriebeckite (NaAmp) and Ttn (left margin) and overgrown by
jadeitic pyroxene (Jd) and Lws. This jadeite-rich pyroxene is locally replaced by omphacite (Omp) and Ab; sample 356D. (c) Former
plagioclase phenocryst is pseudomorphically replaced by mixture of Lws, quartz (Qtz), Ab and Chl; sample 359. (d) Metamorphic
intergrowth of glaucophane-magnesioriebeckite (NaAmp), Chl, Lws, Ab, Qtz and hematite (Hem); sample 356C. (e) Epidote (Ep) with
inclusions of NaAmp, coexisting with Lws + Qtz + Chl; sample 1133A. (f) Paragenesis of NaAmp + Lws + Phe + Qtz + Ab.

Crystals of NaAmp are zoned with cores being richer in Fe®*

and Ca than the rims; sample 1132A. (g) Calcite-rich blueschist with

calcite (Cal), NaAmp, Lws, Qtz, Chl, Hem; sample 362. (h) Na—Px coexisting with Ab + Lws + Cal + Gln + Hem =+ Qtz; sample

1132B. Note that Phe is intergrown with Lws (right margin).

© 2008 Blackwell Publishing Ltd
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Fig. 7. Compositional variation of sodic pyroxene from met-
adiabases (a) and blueschists (b) plotted in Quad—Jd—Ae ternary
diagram. End-member components are calculated according to
Marimoto et al. (1988). Thick dashed lines represent the phase
relations in the Quad-Jd—Ae system according to Carpenter
(1980), and the grey fields are the miscibility gaps. (c) Ti v. Al
in cations per formula unit (cpfu) for igneous clinopyroxene
from blueschist and metadiabase samples.

quartz (Table 1). Jadeite contents in the pyroxene of
these samples display relatively large variations,
possibly due to the fact that not all Na-pyroxene
grains coexist with albite and quartz. Furthermore,

low-jadeite pyroxene often surrounds high-jadeite
pyroxene indicating its secondary nature. Maximum
jadeite contents of Na-Px in these samples were
found to range from 23 to 69 mol.% (Table 1).
These values restrict metamorphic pressures to
<~ 0.6 GPa at 200 °C and ~0.85 GPa at 300 °C
(e.g. Holland, 1983).

Summarizing the information from the different
reactions, we conclude that the blueschists were
metamorphosed at ~0.7-0.85 GPa and 270-310 °C.
These P-T conditions are within the stability field of
aragonite. This is supported by the occurrence of rod-
shaped calcite pseudomorphs after former aragonite
(e.g. samples 1132B and 1133B).

Sarikaya metadiabases (type I)

The coexistence of pumpellyite + lawsonite and the
absence of epidote in these rocks indicates that the
reaction

Pmp + Lws = Ep/Czo+ Chl+Qtz+V  (6)

was not crossed (Fig. 10). Reaction (6) is supposed to
lie at slightly lower temperatures than reaction (5), i.e.
at ~290 °C (Schiffman & Day, 1999; fig. 9.6 in Bucher
& Frey, 2002). The introduction of Fe will shift this
reaction to somewhat lower temperatures. Further-
more, the parageneses of these metadiabase samples
(Table 1) suggest temperatures that were those of the
reaction

Pmp + Gln + Qtz+ V = Act + Chl + Ab, (7)

which, in the system NCMASH, is located at ~0.53
GPa/200 °C and 0.78 GPa/380 °C (Schiffman & Day,
1999). Reactions (6) and (7) cross each other at
~0.65 GPa/290 °C (Fig. 10). The maximum pressure
stability limit of pumpellyite is given by reaction (1) at
low temperatures and by the reaction

Gln + Czo +V = Pmp + Chl + Ab (8)

at temperatures above reaction (6). Reaction (8) is a
flat reaction in P-T7 space and is located at
~0.8 GPa/300 °C (Fig. 10). In addition, the coexis-
tence of Na-pyroxene (Jdg;_75) with albite suggests
pressures below ~0.8 GPa. Quartz in these rocks
(Table 1) was not found in coexistence with
Na-pyroxene.

Antigorite is stable at temperatures above 200-
250 °C at the expense of chrysotile and lizardite (e.g.
O’Hanley, 1996, pp. 33 and 160). Its occurrence in the
Sarikaya serpentinite along with type-I metadiabase is
compatible with the view that both the serpentinite and
the metadiabase were subjected to the blueschist facies
conditions.

In conclusion, the peak metamorphic conditions
of the Sarikaya serpentinite body and associated
metadiabases are estimated to 0.65-0.75 GPa and
<290 °C.

© 2008 Blackwell Publishing Ltd
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Table 3. Selected chemical analyses of glaucophane-magnesioriebeckite in blueschist facies rocks from Sarkdy area, Thrace, NW

Turkey.
Sample 356A 356A 356B 356D 356D 363 363 1132A 1132A 1132B 1132B 1133A 1133A 243 252 1275
Analyses 77 9 42 14 18 2 6 11 16 132 123 59 14 84 24 56
Area Rim Core Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Rim Rim
SiO, 56.94 56.14 55.39 56.74 55.29 56.88 55.87 57.19 55.54 56.52 56.32 56.61 55.57 56.55 55.82 56.63
TiO, 0.06 0.11 0.10 0.12 0.10 0.27 0.11 0.10 0.03 0.01 0.02
AlLO5 8.37 4.89 4.39 9.36 5.31 10.01 5.67 6.43 2.72 4.99 1.22 5.73 1.58 11.72 11.85 11.87
Cry,03 0.04 0.01 0.02 0.01 0.01 - 0.02 0.06 0.02 - - - - 0.00 0.02 0.00
Fe,05 4.67 6.80 11.55 2.90 4.91 1.97 4.52 8.53 12.42 10.12 9.89 8.43 9.32 0.72 1.92 4.13
FeO 11.37 11.01 10.69 13.78 14.07 13.29 11.05 7.56 10.03 7.55 9.07 9.79 11.16 12.74 13.38 10.23
MnO 0.22 0.39 0.22 0.40 0.46 0.15 0.31 0.15 0.14 0.57 0.17 0.11 0.20 0.03 0.09 0.17
MgO 8.19 9.67 7.78 7.26 8.79 7.39 9.84 10.09 9.40 10.45 12.91 9.22 11.27 7.55 6.00 7.93
CaO 0.36 227 0.86 0.60 3.42 0.71 5.03 0.28 0.96 0.96 5.19 0.49 3.73 1.41 0.88 0.81
Na,O 7.12 5.90 6.94 6.82 5.05 6.95 5.01 7.29 6.49 6.72 4.32 6.98 4.76 6.70 7.12 6.99
K,0 0.01 0.02 0.02 0.03 0.05 0.03 0.03 0.02 0.03 - 0.04 0.03 0.10 0.02 0.04 0.00
H,O 2.13 2.10 2.09 2.13 2.08 2.14 2.11 2.14 2.08 2.13 2.12 2.11 2.08 2.15 2.12 2.15
Total 99.45 99.29 100.03 100.13 99.54 99.79 99.56 99.74 99.93 100.04 101.26 99.50 99.77 99.62 99.25 99.52
Cations on the basis of a total of 15 cations (excluding K), 23 oxygen ions and 2 OH
Si 8.02 8.03 7.96 7.98 7.97 7.98 7.96 8.00 7.99 7.96 7.96 8.03 8.02 7.90 7.88 7.75
Ti 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.39 0.82 0.74 1.55 0.90 1.66 0.95 1.06 0.46 0.83 0.20 0.96 0.27 1.93 1.97 1.95
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe’ ™" 0.49 0.73 1.25 0.31 0.53 0.21 0.48 0.90 1.34 1.07 1.05 0.90 1.01 0.08 0.20 0.43
Fe?* 1.34 1.32 1.28 1.62 1.70 1.56 1.32 0.88 1.21 0.89 1.07 1.16 1.35 1.49 1.58 1.19
Mn 0.03 0.05 0.03 0.05 0.06 0.02 0.04 0.02 0.02 0.07 0.02 0.01 0.02 0.00 0.01 0.02
Mg 1.72 2.06 1.66 1.52 1.89 1.55 2.09 2.11 2.02 2.19 2.72 1.95 2.42 1.57 1.26 1.65
Ca 0.05 0.35 0.13 0.09 0.53 0.11 0.77 0.04 0.15 0.15 0.79 0.07 0.58 0.21 0.13 0.12
Na 1.94 1.64 1.93 1.86 1.41 1.89 1.38 1.98 1.81 1.83 1.18 1.92 1.33 1.82 1.95 1.89
K 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.02 0.00 0.01 0.00
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Table 4. Selected analyses of pumpellyite, lawsonite and epidote in blueschist facies rocks from Sarkdy area, Thrace, NW Turkey.

Mineral Pmp Pmp Pmp Pmp Pmp Pmp Lws Lws Lws Lws Lws Lws Ep Ep Ep Ep
Sample 252 252 1275 243 243 1130A 252 356A 359 1132A 1132B 1275 359 1132B 243 1130A
Analyses 51 57 46 113 172 77 10 69 1 30 50 90 4 150 3 32
SiO, 37.44 38.35 37.88 37.49 37.58 37.12 39.15 39.46 38.95 39.55 39.19 39.80 36.70 37.02 39.55 37.53
TiO, 0.03 0.01 - 0.12 0.03 0.06 0.14 0.07 0.29 0.16 0.02 0.09 0.26 0.08 - 0.09
ALOs 26.85 26.22 25.37 25.87 25.63 26.97 31.85 30.82 28.93 30.12 29.22 31.39 18.58 20.73 3247 23.76
Cr,03 0.04 0.05 0.01 0.03 0.02 0.02 0.01 0.04

Fe 05 - - - - - - 0.14 1.46 2.59 2.81 3.56 0.20 18.78 16.94 1.08 12.24
FeO 2.74 5.13 3.40 3.65 3.75 3.34 - - - - - - - - - -
MnO 0.20 0.24 0.19 0.19 0.21 0.33 - - - - 0.02 0.03 0.04 0.10 0.03 0.04
MgO 1.70 0.64 2.66 2.04 2.36 1.88 - - - - - 0.06 - - 0.06 0.08
CaO 22.57 21.78 2242 22.57 2235 22.17 17.58 17.03 16.82 17.30 16.57 16.41 22.66 22.70 23.46 23.34
Na,O 0.07 0.20 0.11 0.16 0.27 0.14 - - - - 0.05 0.02 0.03 0.03 0.01 0.04
K,O0 - - 0.02 0.01 - - 0.01 0.01 - 0.02 - 0.15 - - 0.03 -
H,O 7.58 7.60 7.58 7.57 7.57 7.58 11.53 11.50 11.28 11.57 11.39 11.48 1.82 1.85 1.95 1.87
Total 99.18 100.17 99.67 99.74 99.75 99.59 100.42 100.34 98.89 101.55 100.03 99.65 98.85 99.49 98.65 98.98
Cations (basis see below)

Si 2.96 3.03 3.00 2.97 2.97 2.94 2.04 2.06 2.08 2.05 2.06 2.08 3.01 3.00 3.03 3.00
Ti 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.01
Al 2.50 2.44 2.36 2.41 2.39 2.51 1.95 1.90 1.82 1.84 1.81 1.93 1.80 1.98 293 2.24
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.10 0.11 0.14 0.01 1.16 1.03 0.06 0.74
Fe?* 0.18 0.34 0.22 0.24 0.25 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.02 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Mg 0.20 0.08 0.31 0.24 0.28 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Ca 1.91 1.84 1.90 1.91 1.90 1.88 0.98 0.95 0.96 0.96 0.93 0.92 1.99 1.97 1.93 2.00
Na 0.01 0.03 0.02 0.02 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Formulae were calculated on the basis of: 12 oxygen, 2 OH and 1 H,O for Pmp; 8 oxygen, 1 H,O and 2 OH for Lws; and 12.5 oxygen and 1 OH for Ep; total Fe is assumed to be ferrous in Pmp

and ferric in Lws and Ep.
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Fig. 9. (a) Pumpellyite compositions from metadiabase samples plotted in a Fe,—Al-Mg ternary diagram. Fields (1) through (3) stand
for pumpellyite compositions from (1) Taveyannaz Formation (pumpellyite—actinolite facies) and Saih Hatat, Oman (blueschist facies

metabasalts, (2) Olympic Peninsula, USA (prehnite-pumpellyite
tional variation of garnet in the Grs—Alm-Sps triangle.

Metadiabase olistolith (type II)

In these samples, pumpellyite is accompanied by epi-
dote, and lawsonite is absent. This suggests P-depen-
dent temperatures that (i) have exceeded those of
reaction (6) and (ii) were near to those of reaction (7).
This suggests slightly higher temperatures, compared
with those of metadiabases I (Fig. 10).

facies) and (3) East Taiwan ophiolite (zeolite facies). (b) Composi-

GEOCHRONOLOGY

To date the timing of the high-P/T metamorphism,
incremental “°Ar/* Ar dating on phengite-rich aliquots
and Rb-Sr dating on phengite—whole rock were carried
out on two samples devoid of any relict texture.
Sample 1131 is a fine-grained metachert comprising
quartz, phengite, chlorite, piemontite, albite and

© 2008 Blackwell Publishing Ltd
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Table 5. Selected analyses of chlorite, phengite and biotite in blueschist facies rocks from Sarkdy area, Thrace, NW Turkey.

Mineral Chl Chl Chl Chl Chl Phe Phe Phe Phe Phe Phe Phe Phe Phe Phe Bt
Sample 356B 359 363 364 1133A 356A 356B 356D 359 363 364 1132A 1132B 1275 1130A 1130A
Analyses 38 3 20 27 37 55 58 43 46 50 68 65 39 64 76 127
SiO, 27.55 28.29 27.01 29.10 28.03 53.43 53.46 54.03 55.47 52.94 56.16 52.99 52.14 55.23 51.32 38.18
TiO, - 0.07 0.01 0.07 0.04 0.05 0.18 0.27 0.02 0.06 0.06 0.09 0.09 0.07 0.04 0.09
AlLO;5 18.90 17.20 17.95 17.86 18.24 23.83 22.82 23.63 21.68 23.18 22.59 22.48 21.88 23.04 28.36 16.53
Cr,05 0.02 0.03 0.07 0.03 0.01 0.01 0.03 0.24 0.11 0.05

Fe,05 - - - - - - - - - - - - - - - -
FeO 24.10 22.19 25.23 19.07 20.76 4.49 4.75 3.93 3.76 4.14 1.98 4.59 6.66 3.13 2.48 21.25
MnO 0.60 0.73 0.65 0.36 0.26 0.05 0.09 0.05 0.05 0.06 0.01 0.13 0.08 0.02 - 0.12
MgO 16.07 18.00 16.25 20.50 19.22 3.84 3.77 3.74 4.87 4.39 5.09 4.77 4.38 4.37 3.16 10.20
CaO 0.12 0.11 0.10 0.15 0.06 0.05 0.05 0.57 0.10 0.50 0.10 0.08 0.42 0.11 0.02 0.16
Na,O 0.10 0.04 0.02 0.04 0.00 0.06 0.10 0.11 0.04 0.07 0.05 0.08 0.36 0.10 0.31 0.04
K,O 0.13 0.03 0.04 0.01 0.01 10.36 10.54 10.09 10.19 10.33 10.22 10.31 9.87 10.15 10.31 8.70
H,O 11.43 11.42 11.29 11.73 11.54 4.51 4.47 4.53 4.54 4.48 4.59 4.46 443 4.56 4.54 3.94
Total 99.00 98.09 98.60 98.96 99.75 100.69 100.25 100.94 100.75 100.37 100.85 100.08 100.30 100.78 100.58 99.22
Cations (basis see below)

Si 2.89 2.97 2.87 2.97 291 3.55 3.58 3.57 3.67 3.54 3.67 3.56 3.53 3.63 3.39 2.90
Ti 0.00 0.01 0.007 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Al 2.34 2.13 2.25 2.15 2.23 1.87 1.80 1.84 1.69 1.83 1.74 1.78 1.75 1.79 221 1.48
Cr 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Fe’* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 2.11 1.95 2.24 1.63 1.80 0.25 0.27 0.22 0.21 0.23 0.11 0.26 0.38 0.17 0.14 1.35
Mn 0.05 0.07 0.06 0.03 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Mg 2.51 2.82 2.57 3.12 2.98 0.38 0.38 0.37 0.48 0.44 0.50 0.48 0.44 0.43 0.31 1.16
Ca 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.04 0.01 0.04 0.01 0.01 0.03 0.01 0.00 0.01
Na 0.02 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.05 0.01 0.04 0.01
K 0.02 0.00 0.01 0.00 0.00 0.88 0.90 0.85 0.86 0.88 0.85 0.88 0.85 0.85 0.87 0.84

Formulae were calculated on the basis of: 14 oxygen and 8 OH for Chl; 11 oxygen and 2 OH for Phe and Bt.

Table 6. Selected analyses of garnet in blueschist facies rocks
from Sarkoy area, Thrace, NW Turkey.

Mineral Grt Grt Grt Grt Grt Grt Grt
Sample 243 243 243 1130A 1130A 1130A 1272B
Analyses 1 2 13 4 3 131 1
SiO, 37.84 38.13 37.48 37.06 38.20 37.15 38.01
TiO, 0.21 0.23 0.08 0.20 0.57 0.15 0.09
ALO; 21.01 20.97 20.95 21.07 20.07 21.06 17.93
Cr,05 0.03 0.01 0.02 0.01

Fe,04 - - - - - - 7.19
FeO 21.25 22.30 23.36 23.07 16.25 23.30 -
MnO 3.60 6.65 5.72 4.88 0.17 4.54 0.34
MgO 0.33 0.33 0.43 0.47 0.00 0.48 1.04
CaO 15.70 12.52 11.52 12.84 24.69 12.93 34.70
Na,O 0.02 0.01 0.03 - - - -
K,O 0.01 0.00 0.03 0.01 - - -
Total 100.01 101.13 99.59 99.61 99.96 99.61 99.29
Cations based on 12 oxygen

Si 3.00 3.01 3.01 2.97 3.00 2.98 2.94
Ti 0.01 0.01 0.01 0.01 0.03 0.01 0.01
Al 1.96 1.95 1.98 1.99 1.86 1.99 1.64
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe? " 0.00 0.00 0.00 0.00 0.00 0.00 0.42
Fe?" 1.41 1.47 1.57 1.55 1.07 1.56 0.00
Mn 0.24 0.44 0.39 0.33 0.01 0.31 0.02
Mg 0.04 0.04 0.05 0.06 0.00 0.06 0.12
Ca 1.33 1.06 0.99 1.10 2.08 1.11 2.88
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.01 8.00 8.00 8.02 8.04 8.02 8.02

apatite. From this sample, two different phengite
concentrates were obtained (1131/1 & 1131/2). Sample
1132B is a fine-grained calcite-rich blueschist with
glaucophane, lawsonite, Na- pyroxene, phengite,
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chlorite, calcite, quartz, titanite and hematite. Phengite
is intimately intergrown with lawsonite, Na-pyroxene
and locally also glaucophane (Fig. Sh). Owing to fine-
grain size of the samples and the matted nature of
phengite, pure phengite separates could not be
obtained. XRD studies revealed that the phengite
separates from the two metachert samples contained
considerable amounts of chlorite, piemontite and
apatite, while that of the blueschist contained addi-
tional lawsonite and calcite.

Rb-Sr isotope analyses and incremental “°Ar/*’Ar
dating were performed with a Finnigan MAT-262
multicollector mass spectrometer at Tilibingen and a
MAT GD-150 gas mass spectrometer (0.38 T perma-
nent magnet, 180°, 5cm radius of curvature) at
Heidelberg. Analytical techniques used in incremental
“Ar/*Ar and Rb-Sr dating are the same as outlined
by Topuz et al. (2007) and Okay et al. (2006) respec-
tively. “°Ar/*?Ar age calculations were made against a
new age of 328.5 £ 1.1 Ma for the used Bmus/2
mineral standard (Schwarz & Trieloff, 2007). Analyti-
cal data are given in Tables 7 and 8 as well as Fig. 11
at 20 error level.

The Rb—Sr two-point phengite-whole-rock isochron
corresponds to age values of 859 + 1.1 Ma (1131/2)
and 86.5 + 1.8 Ma (1132B). Incremental “°Ar/*Ar
dating of the phengite samples 1131/1 and 1131/2
yield hump-shaped age spectra due to argon recoil
between the different minerals (e.g. phengite and
chlorite, see Topuz et al., 2007), corresponding to
integrated age values of 83.9 £ 1.4 (1.6) and
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85.2 £ 2.6 (2.7) Ma respectively (the first error is
the uncertainty of the measurement; in parentheses,
the monitor error is included). The K content of the
phengite separates is 2.1 and 3.2 wt% respectively,
calculated via the **Ar amount of the mineral standard
and the sample. The elevated *’Arc,/*’Arg ratios and
much larger uncertainty in the ages of the last incre-
mental stage are caused by apatite and/or piemontite.
Incremental “°Ar/*°Ar dating on phengite-separate
1132B yielded a well-defined age spectrum, corre-
sponding to an integrated age value of 85.3 £ 1.0 (1.2)
Ma, indistinguishable from the total age of 1131
phengite samples (83.9 = 1.4 and 85.2 + 2.6 Ma).
The plateau age calculated for the incremental steps
4-11 with more than 90% of *Ar released is
86.7 £ 1.1 (1.3) Ma. The K content of phengite 1132B
is low (5.6 wt%), due to the presence of other
Ca-bearing phases, but significantly higher than those
of the 1131/1 and 1131/2 phengite samples. This is
also reflected in the highly variable *’Arc,/*’Arg ra-
tio of distinct incremental steps and the higher Sr
concentration (Table 8). The impurity phases are
nominally K-free, and their contribution to Ar budget
is insignificant. All *°Ar/*°Ar total ages are indistin-
guishable within the range of error. Samples 1131/1
and 1131/2, with low K contents, show hump-shaped
spectra caused by high amounts of argon redistribu-
tion during irradiation. Sample 1132B with a higher
K value has a flat spectrum indicating small amounts
of argon recoil. Sample 1132B with a plateau age of
86.7 = 1.1 (1.3) Ma is therefore considered to be
geologically significant and all samples are of the
same age.

The closure temperature of muscovite for Sr diffu-
sion is estimated to be ~500 + 50 °C and for Ar

Metamorphic P-T conditions are marked by
B (lawsonite-blueschists), M I (pumpellyite—
lawsonite-bearing metadiabase) and M 11

(pumpellyite—epidote-bearing metadiabase).

diffusion between 350 and 500 °C (Purdy & Jéger,
1976; CIiff, 1985; Villa, 1998; Sherlock et al., 1999). As
the phengite separates were not pure, the age values
cannot be considered as real phengite-whole Rb-Sr
and phengite *°Ar/*Ar ages. In any case, the highest
metamorphic temperatures experienced by these
blueschists (~300 °C) are lower than the ‘assumed’
closure temperatures. The consistency of *°Ar/*Ar
and Rb—Sr ages rules out the existence of excess argon,
which is an important problem in high-P/T meta-
morphic rocks (e.g. Arnaud & Kelley, 1995; Scaillet,
1996; Sherlock ef al., 1999; Giorgis et al., 2000;
El-Shazly et al., 2001), and indicates that the age of
high-P/low-T metamorphism (87-85 Ma) is at the
Coniacian/Santonian boundary (Ogg et al., 2004).

DISCUSSION

Implications for the exhumation

Petroleum exploration wells drilled in southern Thrace
(Ortakoy-1, Sarkoy-1, Arapli-1) to the south of the
Ganos Fault systematically cut through Miocene
fluviatile to lagoonal sediments, olistostromal Eocene
sequences and Upper Eocene limestone, and enter an
ophiolitic basement similar to that exposed in the
Sarikaya tectonic sliver and found as olistoliths in the
Upper Eocene clastics (e.g. Alaygut, 1996; Yaltirak,
1996; Yazman, 1997). This indicates that the basement
of southern Thrace to the south of the Ganos Fault is
made up of an oceanic accretionary complex that must
have been forming during Late Cretaceous to Palaeo-
cene time. This is shown by the age of the blueschists
(Coniacian/Santonian) and that of the pelagic lime-
stone olistoliths.
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Table 7. Ar-Ar data for the phengite concentrates from a blueschist (1132B) and a metachert (1131/1 & 1131/2) from the Sarkoy area.

Step T (°C) YOAr* (10"°cm® STP/g) YOAr* (%) S Ar/¥ Ar OAr/SAr ¥ Ar degassing (%) Age (Ma)
1132B Phengite (J value 1633 = 0.04 x 107%), K = 5.6 wt%
1 400 0.019 + 0.010 39 + 1.9 0.42 + 0.04 6.1 + 3.0 0.48 17.8 + 8.8 (8.8)
2 500 0.335 + 0.030 61.8 £ 5.6 1.21 + 0.06 20.6 £ 1.9 2.54 59.7 £ 5.3 (5.4)
3 550 0.706 + 0.024 79.1 £ 2.8 3.38 = 0.14 274 £ 1.0 4.01 79.0 + 2.8 (2.8)
4 590 1.165 = 0.016 404 £ 12 2.18 £ 0.08 29.98 + 0.84 6.06 86.2 + 2.4 (2.5)
5 630 2.870 + 0.042 325 €05 2.31 + 0.10 30.07 + 0.44 14.88 86.5 = 1.3 (1.4)
6 670 3.070 + 0.020 92.7 + 0.6 0.072 + 0.003 29.94 + 0.22 15.99 86.1 £ 0.7 (0.9)
7 700 2.975 + 0.026 949 + 1.0 0.0293 + 0.0012 30.18 + 0.30 15.37 86.8 £ 0.9 (1.1)
8 730 3.336 = 0.040 97.0 £ 1.2 0.0219 + 0.0012 30.39 = 0.44 17.12 874 + 1.3 (1.4)
9 760 3.142 + 0.012 96.2 = 0.4 0.0259 + 0.0010 30.27 = 0.14 16.18 87.1 = 0.4 (0.7)
10 790 0.956 + 0.014 859 + 1.3 0.061 + 0.009 29.76 + 0.48 5.01 85.6 = 1.4 (1.5)
11 850 0.371 + 0.022 88.8 + 5.4 0.302 + 0.016 302 £ 1.9 1.92 86.7 £ 5.3 (5.3)
12 1100 0.068 + 0.006 27.1 £ 2.6 13.78 + 0.66 252 £ 25 0.42 72.7 £ 7.0 (7.0)
Total 19.01 = 0.09 66.56 = 0.34 0.74 £ 0.04 29.65 = 0.36 100.00 853 + 1.0 (1.2)
1131/1 Phengite (J value 16.27 £+ 0.08 x 107), K = 2.1 wt%
1 400 0.051 £ 0.022 103 = 4.7 0.018 £ 0.008 10.1 = 4.6 2.09 29 £ 13 (13)
2 500 0.596 + 0.016 82.7 + 2.1 0.0066 + 0.0036 22.52 + 0.58 11.04 649 + 1.7 (1.7)
3 550 1.118 + 0.024 91.5 £ 1.9 0.0102 + 0.0032 28.83 £ 0.62 16.19 82.7 + 1.8 (1.9)
4 600 1.610 + 0.042 96.1 £ 2.5 0.0042 + 0.0020 30.75 + 0.82 21.85 88.1 + 2.3 (2.4)
5 650 1.391 + 0.034 972 £23 0 31.37 = 0.76 18.52 89.8 + 2.2 (2.3)
6 700 1.324 + 0.028 96.1 = 2.0 0 31.12 + 0.64 17.76 89.1 = 1.9 (2.0)
7 750 0.559 + 0.014 88.3 + 2.1 0.0165 + 0.0030 30.68 + 0.74 7.61 879 + 2.1 (2.2)
8 820 0.245 + 0.020 713 + 6.1 0.062 + 0.012 282 + 2.4 3.62 81.0 £ 6.8 (6.8)
9 1200 0.119 £ 0.034 36 = 10 0.350 + 0.026 38 £ 11 1.32 107 £+ 29 (29)
Total 7.01 £ 0.08 853 + 1.0 0.0118 = 0.0012 29.27 + 0.50 100.00 83.9 £+ 1.4 (1.6)
1131/2 Phengite (J value 16.37 + 0.03 x 107*), K = 3.2 wt%
1 400 0.02 + 0.11 2+ 10 0.056 + 0.024 7 + 34 1.40 21 + 98 (98)
2 500 0.431 + 0.046 50.2 + 5.2 0.177 + 0.012 219 £ 23 8.16 63.6 + 6.7 (6.7)
3 600 1.847 + 0.074 79.1 £ 3.2 0.273 + 0.012 293 £ 1.2 26.15 84.5 + 34 (3.4)
4 680 2.776 + 0.084 78.5 £ 2.4 0.0084 + 0.0022 313 £ 09 36.75 90.3 + 2.6 (2.8)
5 760 1.596 + 0.042 84.1 £ 2.2 0.0056 + 0.0032 324 + 0.8 20.47 93.1 £ 2.4 (2.6)
6 820 0.480 + 0.050 64.8 + 6.6 0.051 + 0.006 34.6 + 3.5 5.75 99 + 10 (10)
7 900 0.038 £ 0.064 7+ 13 0.11 £ 0.06 17 £ 28 0.95 48 + 81 (81)
8 1100 -0.074 £ 0.054 -11 £ 8 13 £ 1.6 —180 + 116 0.38 =255 £ 400 (400)
Total 7.12 £ 0.20 609 = 1.7 0.100 = 0.006 29.5 £ 09 100.00 85.2 £ 2.6 (2.7)

Uncertainties are £ 20; K is estimated from the amount of *’Ar of the standard and the sample. Errors in parentheses comprise age error and uncertainty of standard. The in-house standard
‘Bmus/2’ (Birhalde muscovite) was used; age is 328.5 + 2.2 Ma (20). *°Ar* stands for radiogenic “°Ar.

Table 8. Rb-Sr isotopic data for a blueschist (1132B) and a
metachert (1131) from the Sarkdy blueschist facies rocks, NW
Turkey.

Sample Rb (ppm) Sr (ppm) 8TRb/0Sr? 87Sr/808r® Age (Ma)
1132b (WR) 52.03 176.1 0.8548 0.705944 + 09
1132b (Phe) 143.0 165.3 2.5031 0.707970 + 10 86.5 = 1.8
1131 (WR) 43.01 74.49 1.6706 0.707728 + 09
1131 (Phe) 111.6 34.43 9.3891 0.717149 = 09 859 = 1.1

WR, whole rock; Phe, phengite.
“2¢ error equals 1%.
26 error equals 0.003%.

The mineral assemblages in the blueschists and
metadiabases are well preserved, and were not over-
printed by any sub-greenschist or greenschist facies
mineral assemblages, suggesting that they were not
heated and/or subjected to fluid influx during the
exhumation. The youngest non-metamorphic rocks
that lie unconformably over the Sarikaya serpentinite
are Priabonian (Late Eocene) reefal limestones (Ozcan
et al., 2006; E. Ozcan, pers. comm.). These field rela-
tions suggest that the blueschist facies basement were
at the Earth’s surface during Late Eocene. There is a
c. 47 Myr time lag between the blueschist facies
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metamorphism (87-85 Ma) and sedimentation of the
Late Eocene limestones (c. 38 Ma). Both the blueschist
facies basement and overlying reefal limestones must
have formed local topographic highs, providing o-
listoliths into the basin.

Exposures of blueschist belts along transpressional
strike—slip fault zones are common in the circum-
Pacific and the northern Caribbean (e.g. Mann &
Gordon, 1996 and the references therein; Goncalves
et al., 2000). The North Anatolian Fault is thought to
have formed in late Miocene (e.g. Sengor et al., 2005)
or Oligocene (e.g. Zattin et al., 2005; Uysal et al.,
2006), therefore post-date the exhumation of the
blueschist facies rocks. The present outcrop distribu-
tion and the post-Miocene exhumation (at least 1.8 to
2 km) of the blueschists are related to the transpres-
sional strike—slip system but not their primary exhu-
mation.

Geodynamic implications

Eclogite facies metamorphic rocks and Upper Creta-
ceous accretionary complexes are exposed through-
out the Biga Peninsula (Fig. 1). The accretionary
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Fig. 11. “°Ar—°Ar release spectra of phengite-rich separates from a blueschist sample (1132B) and from two aliquots of metachert

(1131).

complexes comprise exotic tectonic blocks of eclogite.
Other eclogite facies metamorphic rocks consist of
quartz micaschists with minor calc-schist, marble,
quartzite and metabasite. The metabasites locally
preserve an early eclogite facies mineral assemblage of
garnet + omphacite + glaucophane + rutile + par-
agonite, strongly overprinted by greenschist facies
mineral assemblages. The available age data on
eclogites and other high-P/T rocks from the Biga
peninsula range from 100 to 65 Ma, suggesting that
subduction, accretion and underplating occurred over
a relatively large time span (Okay & Satir, 2000a,b;
Beccaletto & Jenny, 2004; Beccaletto et al., 2007).
Similarly, geochronological data from the Franciscan
complex have revealed that the high-pressure meta-
morphism took place over a time span of over 75 Myr
(e.g. Wakabayashi, 1999). Taken together, the data on
the blueschists from southern Thrace (this paper) and
the high-P/T rocks from the Biga peninsula (Okay &
Satir, 2000a,b) suggest that Late Cretaceous represents
a time period of continental growth through accretion
in this part of the Mediterranean orogen.

Both southern Thrace and the Biga Peninsula lie to
the SE of the Circum Rhodope Belt, which lies tec-
tonically on the Rhodope Massif. This Circum
Rhodope Belt comprises mainly greenschist facies
rocks with local serpentinite and metagabbro (Magg-
anas et al., 1991; Magganas, 2002; Bonev & Stampfli,
2003, 2008) with Upper Jurassic “’Ar—Ar ages
(Bonev et al., 2008). Undated blueschist facies assem-

blages have also been reported (Michard et al., 1994).
The data from the Sarkdy blueschists (this paper) and
those from the Biga peninsula clearly demonstrate that
active subduction and substantial accretionary crustal
growth continued during Late Cretaceous time. The
P-T conditions of these metamorphic areas are, how-
ever, highly different, ranging from ultrahigh-pressure
conditions in the Rhodope Massif to greenschist—local
blueschist facies conditions in the Circum Rhodope
Belt and to the blueschist/eclogite facies in southern
Thrace and on Biga Peninsula.

Late Cretaceous blueschist facies metamorphism is
widespread throughout Turkey, e.g. in the Tavsanl
Zone and in the Central Pontides (e.g. Sherlock et al.,
1999; Davis & Whitney, 2006, 2008; Okay et al., 2006).
However, a direct correlation is not justified due to the
occurrence of unrelated distinct crustal fragments. The
presence of high-pressure metamorphics in different
tectonic zones should be related to concurrent sub-
duction—accretion events related to the consumption of
the different branches of the Neotethys (e.g. Sengdr &
Yilmaz, 1981; Okay & Tiysiiz, 1999).

CONCLUSIONS

The pre-Eocene basement of southern Thrace is
made up of a very low-grade blueschist facies
accretionary complex, which is exposed in an uplifted
tectonic sliver bounded by the strands of the Ganos
strike slip fault. Blueschist facies metamorphism
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occurred during the Late Cretaceous (87-85 Ma,
Coniacian/Santonian) at a depth of 23-29 km and
temperatures of 270-350 °C. During late Eocene, this
blueschist facies basement was exhumed and formed
local topographic highs providing olistoliths into
flyschoid sequences. Post-Miocene exhumation of the
blueschists occurred along a transpressional segment
of the North Anatolian Fault. Together with the
diverse high-P/T rocks of the Biga Peninsula (100—
65 Ma), the blueschist facies rocks from southern
Thrace document a Late Cretaceous accretionary
phase to the southeast of the older Circum Rhodope
Belt.
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